Abstract: Bovine viral diarrhoea viruses (BVDV) are significant pathogens of cattle worldwide. These viruses exist in both non-cytopathic and cytopathic biotypes. Non-cytopathic BVDV can establish persistent lifelong infections in cattle and are a frequent contaminant of biological reagents such as cell cultures and foetal bovine serum. We identified commercially available bovine aortic endothelial cells (BAEC5) contaminated with BVDV. In this study, to determine if BVDV alters endothelial gene transcription patterns, serial analysis of gene expression (SAGE) was used to compare gene expression profiles from uninfected and BVDV contaminated BAEC. SAGE is an open ended, quantitative method for characterizing global patterns of transcription. Comparison of expression profiles of BVDV-contaminated and noninfected cells revealed significant increases in the transcription of many genes including P-selectin, tryptophan tRNA synthetase and prostaglandin D2 synthase. These changes were validated by real-time PCR. Additionally, real-time PCR demonstrated that the response to LIPS and dsRNA by contaminated cells, as well as cells acutely infected with noncytopathic BVDV, is altered. The altered response may be through the high level of expression of A20 and inhibition of activation of NE-KB. BAECs are commonly used as a model to study endothelial cell function in many different systems. As shown here, transcriptional and probable protein changes resulting from BVDV infection significantly altercellular responses and may have a profound impact on experimental outcome. Transcriptomic analysis provided the initial clues leading to the characterization of this altered function.
INTRODUCTION
Bovine viral diarrhoea viruses (BVDVs) are major pathogens in cattle worldwide and cause millions of dollars in losses to the cattle industry in the United States (US) annually. Disease caused by BVDV can range from clinically unapparent to a severe acute hemorrhagic syndrome. Acute BVDV infections can also be associated with secondary infections by opportunistic pathogens that are more severe than the secondary pathogen causes alone [1, 2] . Additionally, BVDV can establish persistent infections in cattle if a dam is infected in the first 125 days of pregnancy. The calf can be born persistently infected and immunologically tolerant to the infecting virus strain and spread virus for the rest of its life. These viruses are also found as contaminants of biologic reagents, foetal bovine serum (FBS) and cell cultures [3] [4] [5] . The contaminated cell cultures are not limited to those of bovine origin. Finding FBS free of BVDV and anti-B VDV antibodies is a major problem for research and diagnostic laboratories and biologics companies. It is unknown what effect contaminating BVDV in cell cultures has on the normal functions of the cells and how it affects the outcome of experiments utilising these cells.
The objective of this study was to examine cultured bovine aortic endothelial cells (BAECs) that were found contaminated with BVDV. Serial analysis of gene expression (SAGE) was used to compare gene expression in BAECs and in BVDV contaminated BAECs to determine the effect of BVDV on normal endothelial cell function. Altered expression of specific transcripts was validated with real time PCR. The data obtained from this transcriptomics study indicated that BVDV contamination does indeed alter normal functions of the cells and has a profound effect on data obtained using these cells.
MATERIALS AND METHODS
Low passage primary BAECs were obtained from a US company that supplies endothelial cells for research purposes. The cells were maintained in bovine endothelial cell medium containing horse serum that was purchased from the company of origin. The cells were cultured as recommended by the supplier. BAECs were tested for the presence of BVDV by reverse-transcriptase PCR as previously described [6] . This screening detects any BVDV strain that may be present and determines the genotype of the virus. The non-cytopathic BVDV type 2 strain 296nc was used to compare acutely infected cells with those that were chronically infected. BVDV-free BAECs (obtained from the same company at an earlier date) were infected with 296nc at an MOl of 2 and were processed at 24 hours post-infection for downstream analysis.
SAGE was done with total cellular RNA isolated from BVD V-free BAECs and from BVD V-contaminated BAECs using Trizol Reagent according to manufacturer's specifications (Invitrogen, Inc., CA). The two libraries were constructed as described previously [7, 8] . The libraries were annotated as described [9] . Changes in gene expression as indicated by SAGE were validated by real-time PCR [9] using Superscript Platinum SYBR green rtPCR reagent (Invitrogen). Primer sets that amplified sequences from transcripts encoding housekeeping, apoptotic, protein translation accessory proteins and transcriptional activators were used (Table  1 ; primer sequences available upon request).
The standard test for determining identity and number of cells in an endothelial cell preparation is binding and uptake of acetylated low-density lipoprotein (aLDL) [10] . Fluorescently-label led aLDL (Invitrogen) was used to determine if BVDV infection had an impact on LDL uptake. Briefly, 60% confluent BAECs in four well Lab-tek chamber slides (Nalge Nunc International, Inc., Rochester, NY) were washed with PBS and covered in medium containing 10 lig of aLDL/ml and incubated at 37 C in 5% CO 2 . Medium was placed on the cells for 2,3 or 4 hours. The cells were washed with PBS and removed from the slides by brieftrypsinization. The cells were washed in ice-cold PBS and examined by flow cytometry. Total cells with LDL uptake and fluorescence intensity were measured.
To examine the effect of BVDV infection on endothelial function, noninfected, BVDV contaminated and 296nc-infected BAECs were treated with 1 igIml LPS (E. coli 0111:134; Sigma-Aldrich, Inc., St. Louis, MO) for6 hours or 1 ig/ml double-stranded RNA(polyl:C; Sigma-Aldrich) for 18 hours. At the end ofthe incubation, the cells were washed with PBS and total cellular RNA was isolated. Real-time PCR (Table I ) was used to examine the effect of treatment on expression of specific genes of BVDV infected cells. 
RESULTS
Routine testing of the low passage BAECs by reverse-transcriptase PCR demonstrated that the cells were contaminated with BVDV. Sequencing of the PCR product revealed that the virus belonged to the BVDV2 genus. Immunohistochemical staining of the cells showed that >90% of the cells were infected (data not shown). The BAEC showed no overt signs of viral infection but grew at a rate slightly slower than that of the noninfected BAECs based on the lower split ratio of the contaminated cells (1:10 vs. 1:6).
SAGE was done from total mRNA isolated from the two cell populations. The BAECs and BVDV contaminated BAEC libraries were sequenced to 65,000 and 80,000 tags, respectively. Comparison of the two libraries revealed that many of the transcripts examined showed little or no change. However, several transcripts with apparent changes in expression levels were identified ( Table 1) . Validation of altered gene expression levels was done using reverse-transcription real-time PCR. This analysis revealed that the changes indicated by SAGE were a reflection of what was taking place in these cells ( Table 1) .
The uptake of aLDL by BAECs, BVDV-contaminated BAECs and 296nc acutely infected BAECs was tested. Flow cytometry of cells from each group revealed a significant increase in the uptake of aLDL by the contaminated and 296nc-infected cells (Table 2) . It is not clear what caused this, although an examination of the SAGE data indicated that there was increased transcription of genes involved in LDL uptake and processing (data not shown). These changes have yet to be validated.
The effect of BVDV infection on important functions of the BAECs, such as endothelial activation, was evaluated by treatment of the cells with either LPS or d5RNA. Real-time PCR was used to examine the increased expression of three indicator genes, A20, E-selectin and P-selectin, which are known to be induced following treatment with LPS or dsRNA. The noninfected BAECs showed increases in all three indicator genes with treatment of both LPS and dsRNA (Table 3 ). The contaminated BAECs showed higher levels of expression of the three transcripts when treated with LPS. The 296nc-infected BAECs showed an even higher level of expression of A20 but significantly lower expression of P-and E-selectin. The three BAEC populations treated with dsRNA showed roughly equivalent levels of increased expression ofA20. Interestingly, the P-selectin expression varied between cell populations. There were very low increases in the noninfected cells and the 296nc-infected cells but the contaminated cells showed a high level of expression. E-selectin in the dsRNA-treated cells showed similar large increases in expression levels in the noninfected and contaminated cells but only a low level increase in the 296nc-infected cells. 
DISCUSSION
The contamination of biologics with BVDV has great importance because of potential downstream repercussions. Biologics companies pay a great deal of attention to BVDV contamination in their procurement of foetal bovine serum (FBS) as well p as in their cell stocks that are used in vaccine production. Diagnostic laboratories are also greatly concerned with obtaining BVDV-free FBS for the accuracy of the diagnostic tests. However, little attention is paid to BVDV contamination of bovine cell cultures used for routine research purposes. Noncytopathic BVDV contamination of cell cultures is not readily apparent and most users of these cells are unaware of the presence of the virus. Exceptions to this would be laboratories that conduct BVDV research. Routine PCR testing of the BAECs described here revealed BVDV contamination. The contaminating BVDV was a noncytopathic BVDV2 strain.
Testing of second lot of BAECs obtained from the same company revealed that it was contaminated with a noncytopathic BVDV1 strain (data not shown). BAECs are used in many different laboratories as a surrogate model for human endothelial cells. Little work to date has focused on any effect that contaminating BVDV may have on cell function and thus, the accuracy of the results obtained using these cells. SAGE analysis revealed that there were indeed differences in gene expression between noninfected and BVDV contaminated BAECs (Table 1 ). Some ofthe changes that were observed could potentially affect the response of the cells to different stimuli. Real time PCR showed good agreement with SAGE results (Table 1) . Initial experiments using fluorescently labelled aLDL supported this with significantly increased uptake in BVDV-infected BAECs (Table 2) . Follow-up experiments in which the BAECs were exposed to LPS and dsRNA, stimuli that elicit strong responses by the cells, revealed that the BVDV-infected BAECs responded differently from those that were not infected. The cells infected acutely with 296nc showed the greatest effect overall with diminished increases in the three transcripts tested when stimulated with both LPS and dsRNA. The only exception to this was the higher level of A20 transcripts in the LPS-treated 296nc-infected cells. This was an interesting result. A20 was shown to block endothelial activation by LPS through toll-like receptor 4 (TLR4) by preventing the activation of NF-KB [11, 12] . The response to bacterial LPS is mediated primarily through toll-like receptor 4. The decline in E-and Pselectin expression in the 296nc infected cells could be explained by decreased NF-KB activation. Animals that are acutely infected with BVDV often have secondary infections that are more severe than with the pathogen alone. The lack of adequate TLR-4 signalling in acutely infected cattle may explain, at least in part, the enhanced secondary infections.
The work described here confirms that a thorough transcriptomic analysis can reveal specific gene expression changes that may have a profound effect on how cells respond to specific stimuli. These results have provided insights into the altered responses of BAECs and information concerning the disease processes in BVDV-infected cattle.
